To initiate infection, many viruses enter their host cells by triggering endocytosis following receptor engagement. However, the mechanisms by which non-enveloped viruses escape the endosome are poorly understood. Here we present near-atomic-resolution cryo-electron microscopy structures for feline calicivirus both undecorated and labelled with a soluble fragment of its cellular receptor, feline junctional adhesion molecule A. We show that VP2, a minor capsid protein encoded by all caliciviruses 1, 2 , forms a large portal-like assembly at a unique three-fold axis of symmetry, following receptor engagement. This assembly-which was not detected in undecorated virions-is formed of twelve copies of VP2, arranged with their hydrophobic N termini pointing away from the virion surface. Local rearrangement at the portal site leads to the opening of a pore in the capsid shell. We hypothesize that the portallike assembly functions as a channel for the delivery of the calicivirus genome, through the endosomal membrane, into the cytoplasm of a host cell, thereby initiating infection. VP2 was previously known to be critical for the production of infectious virus 3 ; our findings provide insights into its structure and function that advance our understanding of the Caliciviridae.
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To initiate infection, many viruses enter their host cells by triggering endocytosis following receptor engagement. However, the mechanisms by which non-enveloped viruses escape the endosome are poorly understood. Here we present near-atomic-resolution cryo-electron microscopy structures for feline calicivirus both undecorated and labelled with a soluble fragment of its cellular receptor, feline junctional adhesion molecule A. We show that VP2, a minor capsid protein encoded by all caliciviruses 1, 2 , forms a large portal-like assembly at a unique three-fold axis of symmetry, following receptor engagement. This assembly-which was not detected in undecorated virions-is formed of twelve copies of VP2, arranged with their hydrophobic N termini pointing away from the virion surface. Local rearrangement at the portal site leads to the opening of a pore in the capsid shell. We hypothesize that the portallike assembly functions as a channel for the delivery of the calicivirus genome, through the endosomal membrane, into the cytoplasm of a host cell, thereby initiating infection. VP2 was previously known to be critical for the production of infectious virus 3 ; our findings provide insights into its structure and function that advance our understanding of the Caliciviridae.
The Caliciviridae family of viruses includes noroviruses and sapoviruses, which cause outbreaks of acute gastroenteritis in humans (known as winter vomiting disease) 4, 5 . Feline calicivirus (FCV)-a major cause of respiratory disease in felids 6 -represents an excellent model system for the study of calicivirus biology, as this virus is readily propagated in vitro and is one of only three caliciviruses to date for which a protein receptor has been identified 7 .
Caliciviruses have small positive-sense RNA genomes (about 7.5 kb) that are packaged within a T = 3 icosahedral shell, assembled from 180 copies of the major capsid protein (VP1) in three quasi-equivalent settings. These VP1 conformers (termed A, B and C) form 90 dimeric capsomeres. A-B capsomeres are arranged around the five-fold axes of symmetry, whereas C-C capsomeres are located at the two-fold axes of symmetry 8 . The mature capsid protein has a short N-terminal arm, a shell domain (consisting of an eight-stranded antiparallel β-barrel motif) and a protruding domain. The protruding domain is divided into proximal P1 and distal P2 sub-domains; P2 incorporates the receptorbinding site and major immunodominant epitopes. In addition to VP1, an essential minor capsid protein (VP2) is also incorporated into the virion at a low copy-number [1] [2] [3] . To initiate infection, FCV binds to the tight-junction cell-adhesion molecule junctional adhesion molecule A (JAM-A; hereafter referred to as feline JAM-A (fJAM-A) to distinguish from human and mouse orthologues) 7 . JAM-A comprises a short cytoplasmic tail, a transmembrane domain and two immunoglobulin-like domains (known as D1 and D2). X-ray crystallography studies of mouse and human JAM-A have shown them to form U-shaped homodimers via interactions at the membrane-distal D1 9, 10 . The outer face of the P2 of FCV has previously been shown to bind to fJAM-A D1, causing the capsid spikes to rotate approximately 15° anticlockwise 11, 12 . We hypothesized that these conformational changes were priming events that prepare the virion for genome release after internalization. FCV enters cells via clathrin-mediated endocytosis. Endosomal acidification has previously been shown to be a necessary step in the viral entry process, although the mechanisms by which the virus escapes the endosome have yet to be elucidated 13 .
To construct an atomic-resolution model of FCV interacting with its cellular receptor fJAM-A, and to resolve the molecular detail of the conformation changes that are induced, we collected high-resolution cryo-electron microscopy images of FCV, both decorated with fJAM-A and undecorated. These data were processed to calculate icosahedral reconstructions of unlabelled and receptor-bound virions at resolutions of 3 and 3.5 Å, respectively ( . Blurring of the protruding domain and receptor density in the FCV-fJAM-A map confirmed previous findings that conformational changes after receptor engagement break icosahedral symmetry, and result in incoherent averaging 11, 12 . To address this, we first performed model-based classification of FCV-fJAM-A in pre-and post-conformational change states 12 . We identified a very small subset of particles that were found to be in a pre-conformational change state-that is, all of the capsomeres were in the same orientation as the undecorated virus (Extended Data Fig. 2) . However, the vast majority of particles were grouped into classes in which the protruding domains remained poorly resolved, which indicates that the receptor-induced conformational change is not coordinated. To calculate 3D reconstructions at a sufficiently high resolution to enable building of atomic models of FCV protruding-domain dimers bound to fJAM-A, we adopted a focused classification approach [14] [15] [16] . This yielded 3D reconstructions of individual capsomeres with improved resolution, which revealed the range and extent of conformational changes in both A-B and C-C dimers (Extended Data Fig. 2, Supplementary Video 2) .
In the course of this analysis, three classes emerged in which we saw what is-to our knowledge-a previously unreported structure. Twelve fingers of density protrude from the capsid floor, and are arranged about a three-fold axis of symmetry (Extended Data Fig. 2 , Supplementary Video 2). The protruding domain-fJAM-A density in these classes was determined at improved resolution, which suggests that the capsomeres were constrained by the presence of the newly identified feature. A second focused classification experiment was performed at the three-fold axis, and confirmed the presence of a large dodecameric portal-like assembly that extends approximately 13 nm from the capsid shell (Fig. 1c-e, Extended Data Fig. 3,  Supplementary Video 3) . The predominantly α-helical protein monomers are arranged in a circle about the icosahedral three-fold axis of symmetry, and form a funnel-shaped structure that is 7 nm in diameter at its base and 5 nm in diameter at its tip, where the density becomes fuzzy and poorly resolved. There is an opening in the capsid shell at the three-fold axis of symmetry associated with the portal, which is not seen at non-portal axes (Fig. 1d, Extended Data  Fig. 3d, Supplementary Video 3) . Our analysis shows that the most populous class of virions present a single portal at a unique three-fold axis (Extended Data Fig. 3e ).
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To test whether the portal-like structure was present in undecorated particles, we performed the same focused classification analysis on our undecorated dataset. No such feature was found, which indicates that the assembly emerges from within the virion after receptor engagement. An analogous structure has been described for the bacteriophage ΦX174
17
; this virus encodes a protein (known as H) that assembles a tube at a unique five-fold axis, after host engagement. The 'H-tube' penetrates the bacterial cell wall to deliver the single-stranded DNA viral genome.
Our atomic model of VP1 for the FCV vaccine strain F9 closely matches that of the virulent systemic (VS) FCV strain 5 18 , with the most substantial differences being found in the P2 domain (Extended Data Fig. 4 , Extended Data Table 1 , Supplementary Video 4). Within this region, we saw density that is consistent with the presence of a metal ion. This has not been reported in any calicivirus VP1 structures to date; this density was strongly resolved, and the feature was visible at an isosurface threshold of 12σ above the mean intensity. The distances between the putative metal-ion density and surrounding oxygens (about 2.8 Å)-along with the preponderance of main-chain carbonyl interactions-lead us to suggest that potassium is the most likely candidate for these densities 19 . Together, mutational analysis and sequence comparison of VS-FCV and non-VS strains suggest that the metal-binding site may be important for infectivity and pathogenesis 20 (Extended Data Fig. 4 ).
Atomic models for the VP1 and VP2 of FCV, and for fJAM-A, were built into the asymmetric FCV-fJAM-A density map at the C3-portal vertex (Extended Data Table 1 ). The asymmetric unit comprises one A-B dimer and one C-C dimer. To distinguish chains in the C-C dimer, we designated the VP1 protomer proximal to the portal axis as chain D. Our model provides a detailed view of the interface between the virus and receptor (Extended Data ). Interactions at the interface between virus and receptor are largely electrostatic. Several hydrogen bonds are predicted to form between the capsid and receptor fragments, including between residues N444 and D445 in VP1 and Y51 and F54 in fJAM-A. These are of particular interest, as a loop on the outer face of VP1 at residues 436-448 undergoes considerable rearrangement upon binding with fJAM-A and forms a cleft into which VP2 binds. It is also notable that K480 and K481 of VP1 are identified as interacting with fJAM-A: these lysine residues lie within the putative metal-binding site of VP1.
Aligning the protruding domains of the undecorated and fJAM-A-labelled models highlights the structural rearrangements within the protruding domain that follow receptor engagement. The most notable structural changes take place in the P2 domains, in the abovementioned loop at residues 436-448, which rises 3 Å towards the receptor (Fig. 2a, b . Supplementary Video 6). In the shell domain, following receptor engagement, substantial structural rearrangements at the icosahedral three-fold axis lead to the opening of a pore in the capsid shell ( Fig. 2b-f) . Consistent with the T = 3 structure of the FCV capsid, the three-fold axes exhibit quasi-six-fold symmetry-six tyrosine residues (Y300) from chains B and C alternate about the axis. The side chains of the chain-B Y300s are tilted towards the capsid interior, whereas the side chains of the chain-C Y300s are tilted towards the exterior. Upon receptor engagement, the loops that bear these tyrosines (comprising residues 293-307) fold outwards, which results in the opening of an approximately 1-nm-diameter pore in the capsid shell (Supplementary Video 7) . The presence of six tyrosine residues that line the three-fold axis is seen in all known Vesivirus structures, and appears to be conserved across the genus 21 . Structures of norovirus and rabbit haemorrhagic disease virus have phenylalanine residues at this site 8, 22 (Extended Data Fig. 5, Supplementary Data 3) . A solvent-excluded surface representation of our atomic model shows that the anticlockwise rotation of the capsomeres arranged about the portal vertex-which follows receptor binding-leads to a closing together of the P1 domains, forming a cup around the pore (Fig. 2d) .
Twelve copies of the minor capsid protein VP2 are arranged about the unique three-fold axis to form a funnel-shaped tube ( Fig. 3 and Supplementary Video 8). The asymmetric unit therefore includes The isosurface representation is similarly coloured and filtered according to local resolution; in this map the dimeric protruding-domain spikes and fJAM-A fragments are resolved at poorer than 4 Å resolution, as a consequence of the receptor-induced conformational changes in this region. c-e, C3-symmetric 3D reconstruction of FCV decorated with fJAM-A following focused classification analysis revealed the structure of a portal-like assembly at a unique threefold symmetry axis. c, A wall-eyed stereo-pair view of the reconstruction along the icosahedral two-fold axis is shown coloured to highlight the portal vertex. d, A close-up view of the portal assembly along the unique three-fold axis highlights the presence of a pore in the capsid shell at the centre of this axis of symmetry. e, A cutaway view perpendicular to the portal axis. In c-e, the map is coloured to highlight individual components: VP2 is coloured orange and red, VP1 dimers arranged about the portal vertex are coloured purple, and associated fJAM-A molecules are coloured blue. The remaining density is radially coloured with a rainbow palette.
Letter reSeArCH four copies of VP2, which are designated as chains I, J, K and L. The structure of VP2 includes three α-helices. The first and longest α-helix (designated as 'a') makes up the body of the funnel and extends from residue 18 to 62. The N-terminal 17 residues are not resolved and are distal to the capsid surface. This region is characterized as being highly hydrophobic by Kyte-Doolittle analysis (Extended Data Fig. 5d ). It has previously been shown that the N-terminal region of VP2 is critically important to FCV. Experiments to recover virus after mutagenesis of the viral genome identified two mutations (L7D and L7E) that gave rise to virus that was replication-competent but non-infectious 3 . Likewise, transposon-mediated insertional mutagenesis of murine norovirus revealed that the hydrophobic N-terminal region of VP2 of this virus is also intolerant of mutations 23 (Extended Data Fig. 5e ). These findings lead us to suggest that the distal tips of VP2 probably insert into the endosomal membrane.
VP2 is present in two distinct conformations that present different folds for residues 75-106. The two conformers alternate about the portal axis, and six copies of each conformer are present in total. In conformer 1 (chains J and L), α-helices 'b' (residues 61-74) and 'c' (residues 91-106) bind to the protruding domains of the capsid via electrostatic interactions (Extended Data Fig. 6 , Supplementary Data 4). In the second conformation of VP2 (chains I and K), the C-terminal residues (residues 75-106) do not bind VP1 but rather they fold into the lumen of the portal-such that six symmetry-related C-terminal α-helices form an inner ring of fingers that point away from the capsid surface. The C-terminal 6 residues of this conformer were not resolved. Conformer 2 barely contacts VP1 at all: the contact interface between this conformation and the capsid is about 150 Å 2 . VP2 is instead held within the portal-like complex primarily by hydrophobic interactions along the interface between the N-terminal α-helices (the 'a' helices). The C-terminal region of this conformer presents to the interior of the portal-like structure a surface that is largely negatively charged.
As FCV entry is dependent on acidification of the late endosome 13 , we tested for release of viral genomes at low pH in the presence or absence of fJAM-A. Negative-stain transmission electron microscopy and RNA release assays showed that, in the presence of fJAM-A, virions disassemble at pH 4 and below (Extended Data Fig. 7 , Supplementary Data 5). H + concentration in the late endosome is thought to reach a pH of about 5 24 , and virion disassembly under conditions of very low pH is therefore not likely to be physiologically relevant. These methods enabled us to establish the minimum amount of receptor binding necessary to induce structural changes in FCV. Measurements of RNA release from FCV virions in the presence of varying quantities of the fJAM-A ectodomain and at a low pH showed that a 1:10 ratio of fJAM-A:VP1 is the minimum ratio that is required to destabilize virions (Extended Data Fig. 8 , Supplementary Data 6).
FCV engages fJAM-A such that a single receptor molecule binds to each VP1 monomer. We used small-angle X-ray scattering (SAXS) to calculate a low-resolution model of the protein solution structure. This showed that, similar to its human and mouse orthologues, fJAM-A forms dimers in solution 9, 10 (Extended Data Fig. 9 , Supplementary Video 9). The interface between FCV and fJAM-A is on the opposite side of the receptor to the D1:D1 dimerization site. This site is, however, occluded by the D2 domain of symmetry-related fJAM-A molecules when bound to FCV 25 . Indeed, a considerable contact interface arises between the D1 and D2 domains of the two receptor molecules when bound to the capsid (about 672 Å 2 in size) (Supplementary Data 7). It is possible that fJAM-A D1-D1 homodimers at the cell surface may be In a, chain A is coloured pale pink, chain B is coloured hot pink, fJAM-A A is coloured blue, and fJAM-A B (the receptor molecule bound primarily to VP1 chain B) is coloured green. The aligned protruding domains of the A-B dimer of the undecorated virus (purple) are overlaid, highlighting the structural rearrangements that occur after binding to fJAM-A. The most notable structural change is the upward movement of loop 436-448, indicated by black arrows. In b, the structure of the C-C dimer is shown; the portal proximal chain (designated as chain D) is coloured dark purple, the distal chain C is coloured pale purple, and fJAM-A molecules are coloured blue. As in a, the structure of VP1 in the absence of receptor is overlaid (pink) to highlight the structural rearrangements that occur after receptor engagement. This representation of the C-C dimer also highlights the structural rearrangements that occur in the shell domain, which lead to the opening of a pore in the capsid shell. Compare the orientation of the 293-307 loop in chain D (red arrow) with the same loop in chain C. c, d, Solvent-excluded surfaces are presented to show VP1 dimers arranged about the three-fold axis of symmetry in undecorated FCV (c) and fJAM-A-labelled FCV at the portal axis (d), coloured by radius. e, A close-up view of the icosahedral three-fold axis in the undecorated FCV reconstruction (viewed from the capsid exterior) shows that this axis is surrounded by six tyrosine (Y300) side chains that point to the centre of the axis of symmetry. Three tyrosine residues each are donated by chains B and C; these residues alternate about the axis of symmetry, following the quasi-six-fold symmetry seen in a T = 3 icosahedral structure. The chain-B Y300 points toward the capsid interior, whereas the chain-C Y300 points outward from the capsid surface. f, After receptor engagement, a portal complex assembles at a unique three-fold axis. At the centre of this axis, a pore opens in the capsid surface by the folding outwards of loop 293-307. e, f, Images present both modelled coordinates (ribbon diagram in rainbow-colour scheme and atomic representation in pink) and the reconstructed density map (transparent grey).
Letter reSeArCH disrupted by the binding of FCV. Adenovirus fibre-knob protein has been shown to trigger endocytosis by disrupting homodimers of the immunoglobulin-like tight-junction protein CAR (coxsackie-adenovirus receptor) 26 . Thus, disruption of fJAM-A homodimers at the cell surface may be the mechanism by which FCV triggers endocytosis.
Taken together, our data lead us to propose a mechanistic model of FCV entry and endosome escape: FCV binding to fJAM-A at the cell surface leads to internalization by endocytosis, triggered by disruption of fJAM-A homodimers. The enwrapping of the virion within the endosome leads to further binding of fJAM-A molecules, which triggers conformational changes in the capsid that result in formation of the portal-like assembly at a unique vertex. The hydrophobic N termini of VP2 insert into the endosomal membrane, and form a channel through which the genome may be released. In our study, viral genomic RNA remained associated with the capsid after receptor engagement; it was released only at low pH, as a consequence of virion disassembly. Further structural changes-and possibly the action of an unknown cofactormay therefore be required to trigger release of the viral genome through the portal vertex in vivo.
It has long been known that large DNA-containing viruses, such as tailed bacteriophages and herpesviruses, have unique portal vertices that mediate genome release. However, such features have not previously been described in small RNA-containing viruses. Our discovery of a portal-like assembly at a unique vertex in a calicivirus therefore represents a shift in our understanding of the structure and biology of this class of viruses.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-018-0852-1. 
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MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Virus culture and purification. Feline calicivirus strain F9 was propagated in Crandell Reese Feline Kidney cells (CrFK) for 16 h (all cell stocks were regularly tested for mycoplasma contamination). The cell debris was pelleted from the culture medium by centrifugation (1,500g, 10 min at 4 °C). The virus particles within the supernatant were pelleted by centrifugation at 20,000 r.p.m. for 2 h at 4 °C using a Surespin630 rotor. The pellets were resuspended in phosphate buffered saline (PBS) and the virus was purified by centrifugation through a caesium chloride gradient (1.31-1.45 g/ml) using a SW-41 Ti rotor at 28,000 r.p.m. for 8 h and at 12 °C. The purified virus particles were extracted from the gradient and pelleted by centrifugation at 20,000 r.p.m. for 2 h at 4 °C using an SW-41 Ti rotor. The resultant pellet was then resuspended in 100 μl PBS and stored at 4 °C until use. Expression and purification of fJAM-A. The expression and purification of the soluble fJAM-A ectodomain was performed as previously described 11 . RNA was isolated from CrFK cells and the sequence encoding the signal peptide and ectodomains of fJAM-A was amplified by reverse transcription-PCR. The PCR product was used to generate a eukaryotic expression plasmid termed pDEF:fJAM-A:Fc, which contained the extracellular domains of fJAM-A with the Fc domain of human IgG1 fused at the C terminus. The fJAM-A and Fc domains were separated by a factor Xa cleavage site to allow downstream removal of the Fc tag. Chinese hamster ovary cells stably expressing the soluble fJAM-A:Fc fusion protein were generated, and soluble fJAM-A:Fc protein was purified from tissue culture supernatant using protein A Sepharose. Monomeric fJAM-A was generated by factor Xa cleavage of fJAM-A:Fc, removal of factor Xa by using Xarrest agarose (Novagen) and removal of the released Fc domain by protein A dynabeads.
Sequencing of FCV VP1 and VP2 open reading frames.
The sequences for the FCV capsid protein open reading frames were determined to facilitate atomic model building. Reverse transcription-PCR was used to isolate the relevant DNA for sequencing using the Sanger method, performed at the MRC Protein Phosphorylation Unit, University of Dundee.
Primers were designed based on published FCV strain LLK VP1 and VP2 sequence data (GenBank: U07131 27 ) as follows: VP reverse transcription primer: 5′-TTAGGCGCAGGTGCGGCAGC-3′, VP1 PCR1 5′-ATGTGCTCAACCTGCGCT AACGTGCT-3′, VP1 PCR2 5′-TCATAACTTAGTCATGGGACTCCTAA-3′, VP2 PCR1 5′-ATGAATTCAATATTAGGCCTGATT-3′, VP2 PCR2 5′-AATTTTAA ACAAATTTTTATATGA-3′.
RNA was extracted from 140 μl of FCV strain F9-infected cell culture medium using a Qiagen QiaAMP Viral RNA mini kit, according to the manufacturer's protocol. The purified RNA was reverse-transcribed using a Superscript IV RT kit (Thermo Fisher) and VP reverse transcription primer in a 20-μl reaction volume, according to the manufacturer's protocol. PCR was carried out on 6 μl of the reverse transcription reaction using the Q5 High Fidelity PCR kit (NEB). VP1 was amplified using primers VP1 PCR1 and VP1 PCR2, and VP2 was amplified using primers VP2 PCR1 and VP2 PCR2. PCR products were purified using agarose gel electrophoresis and the Geneclean Turbo kit (MPBio). Negative-stain electron microscopy. Purified FCV particles were incubated with the soluble ectodomain of fJAM-A at pH 7 or pH 3 for 1 h at 4 °C. FCV particles, both undecorated and labelled with fJAM-A, were imaged by negative-stain transmission electron microscopy (TEM). Five microlitres of virus preparation was loaded onto a freshly glow-discharged continuous carbon TEM grid. The grid was washed in two 20-μl droplets of 2% uranyl acetate, drained and dried at room temperature. The grids were then imaged in a JEOL 1200 EX II transmission electron microscope equipped with a GATAN Orius camera. Cryo-electron microscopy. Purified FCV particles were incubated with the soluble ectodomain of fJAM-A for 1 h at 4 °C. The undecorated and decorated virions were then prepared for cryo-electron microscopy (cryo-EM) by loading 5 μl onto freshly glow-discharged, carbon-coated c-flat holey carbon grids (CF-22-4C, Protochips) in a Vitrobot vitrification robot (FEI) held at 4 °C and 100% humidity. Grids were blotted for 4 s before being frozen by plunging into a bath of liquid nitrogen-cooled liquid ethane.
Vitrified specimens were imaged at low temperature in a Thermo Fisher Titan Krios equipped with a Falcon III detector. The column was operated at 300 keV accelerating voltage and a nominal magnification of 75,000×, resulting in a pixel size of 1.065 Å per pixel. Each micrograph was recorded as a movie of 50 individual fractions with a total dose of 63 e per Å 2 . Automated data collection was performed using EPU software. Five thousand one hundred and ninety-eight micrographs of FCV and 13,865 micrographs of FCV-fJAM-A were recorded. Data collection was performed at the Astbury BioStructure Laboratory, University of Leeds. Three-dimensional image reconstruction. Micrograph stack files were corrected for drift using MotionCor2 28 and defocus estimation performed by Gctf 29 as implemented in Relion 2.1 30 . Fifty-nine thousand five hundred and thirty-one undecorated particles were automatically picked from 5,198 micrographs and 129,884 fJAM-A decorated particles from 13,865 micrographs. Particle images were subjected to both 2D and 3D classification to exclude false-positive and damaged particles. Final datasets of 41,436 undecorated and 71,671 fJAM-A decorated virions were subjected to 3D refinement to calculate final, icosahedrally averaged 3D reconstructions. These were then subjected to post-processing and local resolution analysis in Relion 2.1 to determine both final resolution and optimal sharpening parameters. Maps were visualized using UCSF Chimera 31 and ChimeraX, and coloured according to local resolution, unless otherwise specified. Model-based classification. To attempt to separate fJAM-A-decorated FCV virions into classes on the basis of the extent of conformational change they had undergone, 3D classification was performed in Relion 2.1, using previously published structures as starting models 12 . Focused classification. To resolve the structures of individual asymmetric features, we used a focused classification approach in Relion 2.1 [14] [15] [16] . In brief, following 3D refinement with imposition of icosahedral symmetry, the symmetry of the dataset was expanded such that each particle was assigned 60 orientations that corresponded to its icosahedrally redundant views. A cylindrical mask was prepared to exclude all of the capsid structure except the area of interest, using SPIDER 32 . Three-dimensional classification was then performed without orientation refinement. Thus, a single capsomere or axis of symmetry was reconstructed, and classification was performed to resolve structural differences. Atomic model building. Atomic models were built using Coot 33 , the CCP-EM 34 suite and Phenix 35 . The structure for VP1 of FCV in the undecorated virus was built starting from a previously calculated homology model 11 . The structure was manually edited in Coot to correct the sequence and improve the correspondence to our electron microscopy density map. This was followed by rounds of iterative real-space refinement in Phenix. To build an atomic model of VP1 in our receptor-bound models, the protruding domains and shell domains were docked independently as rigid bodies using UCSF Chimera 31 . The models were then manually edited and iteratively refined as above. Likewise, the structure for fJAM-A was built starting from a previously calculated homology model, and refined using Coot and Phenix. The structure of VP2 was manually built ab initio in Coot and refined using Phenix. Model validation was performed using MolProbity 36 , as implemented in Phenix. Modelling of metal ions was validated using the CheckMyMetal server (https://csgid.org/csgid/metal_sites) 19 . Interactions between fJAM-A and VP1 were characterized for each of the four VP1 chains in the asymmetric unit using tools in UCSF Chimera 31 and the 'Protein interfaces, surfaces and assemblies' (PISA) service at the European Bioinformatics Institute (http://www.ebi.ac.uk/pdbe/prot_int/ pistart.html) 37 . Protein sequence alignments were calculated using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) 38 . RNA release assay. Equal concentrations of FCV and fJAM-A ectodomain were combined in Tris buffer of the appropriate pH. Ten microlitres of Syto9 nucleic acid binding dye (ThermoFisher Scientific) was added to a final volume of 100 μl in a black 96-well plate. For positive controls, 550 ng FCV RNA was added in place of the FCV and fJAM-A samples. Fluorescence readings were collected every 5 min over a period of 4 h using a PHERAstar FS (BMG labtech) plate reader equipped with a 485/520 filter cube. Data were normalized to the corresponding samples containing only FCV and Syto9. Plots of normalized fluorescence against time were evaluated by linear regression to determine whether the slope in each plot was significantly different from zero, using GraphPad Prism. SAXS. The fJAM-A ectodomain was dialysed into PBS containing 0.01% sodium azide, 1% sucrose and 10 mM potassium nitrate and samples taken to the Diamond Light Source, at which high-pressure liquid chromatography SAXS data were acquired. The high-pressure liquid chromatography column (Superdex 200 (GE Healthcare)) was equilibrated with buffer for 1 h, the sample loaded onto the column from a 96-well plate and the diffraction data were collected. Eight 60-s frames of data-for which the radius of gyration (R g ) was observed to be constantwere selected for further processing with PRIMUS 39 , part of the ATSAS program suite for small-angle scattering data analysis from biological macromolecules 40 . A Guinier region was observed between 0.26 ≤ qR g ≤ 1.29 Å 2 (in which q is the momentum transfer (4πsin(Θ)/λ)), giving an R g = 30.7 Å. The particle distance distribution function (p(r) versus r, in which r is the real-space distance) was evaluated using GNOM 41 with a maximum dimension of 102.8 Å. An ab initio envelope was computed from p(r) versus r using DAMMIF 42 . The dimeric model of human fJAM-A ectodomain (RCSB Protein Data Bank (PDB) ID:1NBQ 10 ) was fitted into the SAXS envelope using UCSF Chimera 31 . Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
The icosahedral reconstruction of undecorated FCV and the C3-symmetrized reconstruction of FCV-fJAM-A are deposited in the Electron Microscopy Data Bank with accession numbers EMD-0054 and EMD-0056, respectively. The atomic Icosahedral 3D reconstructions were calculated. b, A central section through the reconstructed density map for the unlabelled virion shows that both the shell and protruding spike domains were sharply resolved. c, f, Gold-standard Fourier shell correlation plots for the icosahedral reconstructions show a nominal resolution of 3 Å for unlabelled FCV (c) and 3.5 Å for the receptor-decorated structure (f). e, A central slice through the reconstruction of receptor-decorated FCV virions shows that, whereas the capsid shell is sharply resolved, the protruding domains and fJAM-A components are blurred as a consequence of the receptor-induced conformational changes in this region.
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Extended Data Fig. 2 | Conformational changes in FCV following  receptor engagement, revealed by focused classification. a, b , Threedimensional reconstruction of FCV decorated with soluble fJAM-A ectodomain, in the pre-conformational change state. Model-based classification was used to identify a small subset of particles (493 out of 71,671) that was found not to have undergone the rotation of capsomeres that is usually induced by receptor engagement. These data gave a reconstruction with a nominal resolution of 6 Å. The surface-rendered representation is coloured and filtered according to local resolution (a). A central section through the map revealed density that was less blurred than in particles showing capsomere rotation (b, compare with Extended Data Fig. 1e). c, d , To resolve the range and extent of capsomere movement following receptor engagement, we applied focused classification to reconstruct individual capsomeres at the A-B and C-C dimer positions. Montages of images showing individual capsomeres reveal the range of conformations present at the A-B dimer (c) and C-C dimer (d) positions. The first panel of each montage (top left) shows the unlabelled dimer, the second panel (top, second from left) shows the class that presents a preconformational change state and the remaining panels show the extent of conformational changes at each capsomere. Surface representations are filtered and coloured according to local resolution (in Å, see colour keys). Red arrows highlight the position of a novel feature that we have shown to be VP2. Fig. 3 | A portal-like assembly located at a unique threefold axis. a-d, Sections through the reconstructed portal-like assembly and virion viewed along the three-fold axis of symmetry of the portal assembly; viewed through the distal tips of the structure (a); viewed through the middle of the structure, also showing fJAM-A density (b); and viewed through the base of the assembly, also showing density for the VP1 protruding domain (c). A transverse section through the virion along the portal axis shows the extent of the assembly, and the presence of blurred density extending from the distal tip (d). We can also see the clear opening of a pore in the capsid shell at the portal vertex (red arrow), which is not present at the opposite non-portal vertex (white arrow). e, Histogram to show the number of views contributed to the portal reconstruction by each particle. Focused classification was used to identify and reconstruct the unique portal axis. Each of the 20 three-fold axes of symmetry present in every particle image was, in turn, sampled such that it was oriented to lie within a 3D cylindrical mask that covered a single three-fold axis of the icosahedral reference structure. Furthermore, each of the three-fold axes of each particle was tested in three possible orientations, owing to the C3 symmetry of the axis. Thus, 60 views were evaluated for each particle, which corresponded to the redundancy of an icosahedral symmetric object. Our dataset of 71,671 particle images therefore gave rise to 4,300,260 views that were tested. Of these, 234,076 particle views (5.44% of the dataset) were assigned to the class in which the portal assembly was present. This is consistent with each particle having a single portal at a unique three-fold axis, as there are 20 three-fold axes of symmetry per virion. The median number of views for each particle is three, which is consistent with the C3 symmetry of the assembly. However, only 58,510 particles contributed to the reconstruction, which suggests either that about 20% of particles had not assembled their portals or that the particle orientations were such that the portal was not discernible. In total, 35,714 particles (61%) were found to contribute three views (that is, contain a single portal) and 12,974 particles (22%) were found to contribute six views (two portals); 1,706 particles (2%) contributed nine views (three portals). However, we should assume a degree of error in the assignment of particles to each class: particles that were found to contribute numbers of views that are not multiples of three are probably not entirely correctly classified. Moreover, particles that present six or nine views might also be misclassified. The focused classification analysis sorts data according to the presence of small or weak differences that are superimposed onto the projected density of the entire icosahedral object. Nonetheless, overall, these data indicate that the most populous class of particles present a single portal at a unique three-fold axis. Data 1) into the icosahedral reconstruction of the undecorated virion. The A-B dimer is shown. Chain A is coloured pale pink; chain B is presented in rainbow representation (N terminus, blue; C terminus, red). A side-view of the dimeric capsomere is labelled to identify the shell (S) and protruding domains (P1 and P2). The shell domain shows the characteristic 'β-jellyroll' motif that is seen in all calicivirus structures that have been solved to date. b, c, A top view of the VP1 dimer is shown with a box to highlight the location of a putative metal ion (b), and a close-up view of this region is presented identifying the coordinating interactions within the metal-binding site (c). Based on the distances measured for these interactions, we suggest that this metal ion may be potassium. A recent mutational analysis of FCV VP1 fJAM-A binding identified several amino acid residues within or close to the coordinating sphere of this metal ion that were critical to virus infectivity 20 . Viruses in which these sites were mutated (I482, K480 and H516) were able to both assemble capsids and bind to fJAM-A, but were not infectious. Sequence analysis also highlighted differences between VS-FCV and non-VS strains within this region-including residue D479, which in VS-FCV strain 5 is an asparagine residue and is oriented away from the site of metal binding that we see in strain F9 (d, PDB ID: 3M8L). Furthermore, Q474 and K481 are oriented in a manner that is not compatible with metal binding. The deposited structure factors for PDB 3M8L were downloaded for VS-FCV strain 5. Close inspection of the density revealed no evidence of metal binding. e, f, The atomic model for VP1 chains A (pale pink) and B (hot pink) of FCV decorated with fJAM-A A (the molecule bound primarily to chain A; blue) and fJAM-A B (the molecule bound primarily to chain B; green) is shown as a solvent-excluded surface. The interface is exposed by opening the fJAM-A and VP1 surfaces, in a manner similar to opening a book. In f, contact atoms are highlighted in the colour of the molecule with which they are interacting. g, Coulombic surface colouring highlights the charge distribution; the contact interface is indicated by a black outline. Fig. 8 | Stoichiometry analysis of fJAM-A binding to VP1 leading to capsid destabilization. a, RNA release assay plots showing the RNA released by virions at low pH and in the presence of varying fJAM-A-to-VP1 ratios. Clear evidence of RNA release is seen at ratios down to 1:9, whereas at ratios between 1:11 and 1:14 the assay is equivocal. Below a ratio of 1:16 there is no evidence of RNA release. Measurements were taken from distinct samples (n = 3) and normalized data are shown with error bars representing the s.d. ****P < 0.0001 (see Supplementary Data 6). b-i, Negative-stain transmission electron microscopy imaging of FCV virions in the presence of differing ratios of fJAM-A:VP1, and at pH 7 and pH 3. At a ratio of fJAM-A:FCV-VP1 of 1:9, intact virions are seen at pH 7 (b), whereas at pH 3 no virions were seen (c). Likewise, at a ratio of 1:10 virions were seen to disassemble at pH 3 (d, pH 7; e, pH 3). At a ratio of 1:11 (f, pH 7; g, pH 3), disrupted or partially disassembled particles were visible at pH 3, and at a ratio of 1:12 particles were intact at both neutral and low pH (h, pH 7; i, pH 3). In each case, FCV was incubated for 1 h under the relevant experimental conditions. These images show that a ratio of 1 fJAM-A molecule to 10 capsid proteins is sufficient to destabilize capsids, causing them to completely disassemble at low pH. Imaging disassembled virions revealed the presence of small dense balls of density, which we interpret as being condensed viral RNA (white arrows in c, e, g, i) . These balls were also sometimes seen in intact preparations of FCV at neutral pH (red arrow in h).
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Data collection
CryoEM data collection was performed using Thermo-Fisher EPU software
Data analysis
CryoEM data were analysed using the following software: Relion (v.2.1), MotionCor2, GCTF (v.1.06), SPIDER (v.22.10), Phenix (v.1.13), Coot (v.0.8.8), UCSF Chimera (v.1.11.2). SAXS data were processed using DAMMIF, PRIMUS and GNOM within the ATSAS (v. 2.8.3) package, RNA release assay data were processed using GraphPad Prism (v. 7.04).
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The icosahedral reconstruction of undecorated FCV and the C3-symmetrised reconstruction of FCV-fJAM-A are deposited in the EM databank with accession
